Temporal genetic variation was studied within the cyclic parthenogenetic Daphnia galeatacucullata species complex in Lake Tjeukemeer (The Netherlands). During three successive years, three allozyme loci were studied in order to compare the level of genetic variation in D.
Introduction
Most theories on maintenance of hybrid zones are based on hybrid inferiority. For example the tension zone model (Barton & Hewitt, 1985 predicts that hybrid zones are maintained by a dynamic equilibrium resulting from a balance between dispersal and either selection against hybrids, or frequencydependent selection against rare alleles. This model assumes that fitness values are independent of the environment. Therefore, tension zones can move and will tend to become established along natural barriers. It is clear that these types of hybrid zones can be maintained only through recurrent hybridization events, which are not necessary for hybrid populations of parthenogenetic taxa as here only one hybridization event is enough. Therefore, hybrids can be maintained by asexual reproduction.
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phenomenon within populations of cyclically parthenogenetic Daphnia (water flea) species (Hebert, 1985; Wolf & Mort, 1986; Taylor & Hebert, 1992) ; for review see Schwenk & Spaak (1995) . For example, in the Daphnia longispina group, many locations have been found where hybrids co-occur with one or both of their parental species (GieBler, 1987; Wolf, 1987; Muller & Seitz, 1993) , with some locations being dominated by hybrid taxa (Taylor & Hebert, 1992; Spaak & Hoekstra, 1993 ).
The evolutionary age of hybrids within the Daphnia longispina complex is still uncertain. Morphologically the hybrids make up a distinct group (Flö{3ner & Kraus, 1986) , and also with respect to life histories, specific combinations of traits have been found for the hybrids, that distinguish them from their parental species (Weider & Wolf, 1991; Weider, 1993; Spaak & Hoekstra, 1995) . The low numbers of backcrosses found in allozyme studies was the main reason why FlöBner (1993) gave these hybrids a separate taxonomical status.
However, recent molecular work on Daphnia hybrid species complexes suggests that interspecific Daphnia hybrids are not as genetically distinct as was assumed previously from allozyme studies. Differences in mitochondrial DNA sequences between hybrids and the maternal species are so small that relatively recent hybridization events should be assumed (Schwenk, 1993) . Moreover, Schierwater et al (1994) , using RAPD markers, showed that D. galeata x hyalina hybrid individuals possess a greater proportion of nuclear markers from D. hyalina than from D. galeata. Also, recent work on the North American Daphnia galeata rnendotae-Daphnia rosea hybrid complex (Taylor & Hebert, 1993) has revealed that in this hybrid complex backcrossing and introgression occur.
Most studies on interspecific hybridization in Daphnia have concentrated on the occurrence of genetic variation and on the geographical distribution of hybrids and parental species in both pond (Hebert et al., 1989a (Hebert et al., , 1993 and lake populations (Wolf, 1987; GieI3Ier, 1987; Muller, 1993) . These studies indicate that hybrid genotypes exist in almost all habitats where closely related Daphnia species co-occur (Hebert, 1985; Wolf & Mort, 1986; Hebert et al., 1989b; Taylor & Hebert, 1992; Weider & Stich, 1992) . However, only two of these studies (Wolf, 1987; Weider & Stich, 1992) examined the temporal distribution of hybrid and parental taxa for a longer period (10 and 11 months, respectively). As far as I know, no studies on genetic variation within these taxa have been carried out which have included both the period of sexual reproduction in autumn and the following spring when these diapausing sexual eggs (ephippia) are supposed to hatch (Wolf & Carvalho, 1989 hybrids are supposed to hatch from ephippia. The same is predicted for both parental species, which produce males and ephippial females every year (Vijverberg & Richter, 1982; pers. observ.) . Assuming short-term, fluctuating selection and fitness differences between clones (Weider & Wolf, 1991; Weider, 1993) , one can expect seasonal differences in the clonal composition within the hybrid population.
In contrast, if hybrids were produced a long time ago and reproduced only parthenogenetically, as proposed by FlOl3ner (1993) , reduced genetic variation within hybrid populations would be expected because of long-term selection in favour of specific genotypes. One could compare this to the parental species, which provide new recombinant genotypes each year via sexual reproduction. In the latter case, either very low or nonexistent backcrossing rates would be expected between hybrids and parental species.
Materials and methods

Laboratory methods
Daphnia were sampled at five stations from Lake Tjeukemeer, situated in the north of the Netherlands, from 27 April 1989 to 28 April 1992. Samples were taken every two weeks during the growing season and monthly during the rest of the year using a 335 im tow net. The five samples were combined into a composite sample, and daphnids were picked from this sample and frozen in liquid nitrogen for subsequent electrophoretic analysis. Individual adult females were picked randomly and assayed using cellulose acetate electrophoresis following the methods of Hebert & Beaton (1989) . Generally 100 animals per sampling date were assayed for four enzyme loci: phosphoglucomutase (Pgm, EC 5.4.2.2), phosphoglucose isomerase (Pgi, EC 5.3.1.9), aldehyde oxidase (Ao, EC 1.2.3.1) and glutamaticoxaloacetatic transaminase (Got, EC 2.6.1.1). Initially also malate dehydrogenase (Mdh, EC 1.1.1.37) was screened but gave no reproducible results for this species complex. Wolf & Mort (1986) have shown that Got is a diagnostic marker for analyses were performed to test the hypothesis that 'hybrids are formed each year by random mating among the parental species and hatch from ephippia in the spring'. Significant deviations from H.-W. expectations were tested using the BI0SYs-1 computer program (Swofford & Selander, 1989) with subroutine HDYWBG using Levene's correction for small sample sizes. Because the chisquared test is suspect in cases where expected genotype frequencies are low, the analysis was carried out with three pooled genotype classes. The resulting chi-squared value was used with one degree of freedom. Because of the fairly large numbers of simultaneous tests, a sequential Bonferroni test procedure (Rice, 1989) was performed. The initial critical probability value was set at P<0.05/N, where N represents the number of nonindependent tests.
Clonal diversity was calculated for all taxa on a monthly basis, by pooling the sampling dates within a month; pooled monthly samples with fewer than 20 individuals of a taxon were excluded from the analysis. As a measure of clonal diversity, I used Simpson's (1949) index of concentration, C = where p, is the frequency of the ith clone in the sample, and the summation is over all clones. Clonal diversity D was calculated as D = -log C (Pielou, 1975) . This diversity is a composite of abundance and evenness: it exhibits low values when a single clone is overwhelmingly predominant, and higher values when clonal numbers are larger and evenly distributed.
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Genetic distances
Unbiased genetic distances (Nei, 1978) among the samples of the different taxa were calculated and the relatedness of the different samples was assessed using the unweighed pair-group (UPGMA) clustering program of BIOSYS-1 (Swofford & Selander, 1989) . Because the number of samples was large, analysis of genetic distances was based on mean frequency data per taxon per month, restricted to Pgi and Pgm and using the Got genotypes to define the taxa.
Samples of fewer than 20 individuals per taxon were excluded from the analysis. The samples of the different months served as replicates.
Results
Allele and genotype frequencies
Based on the Got electromorphs, specimens could be assigned to D. galeata (FF), D. cucullata (SS) or the interspecific hybrid D. cucullata x galeata (SF). Eighteen samples per year were analysed from 1989, 1990 and 1991, and two from 1992 . The relative densities of the three species are plotted as Got genotypes (Fig. 1) (the complete data set of this study is published in Spaak (1994) and is available on request from the author). There were large differences between the three years. At the beginning of 1989, D. galeata dominated the Daphnia community, then the hybrid took over in July and D. cucullata had a peak during August-September. In 1990, D. galeata dominated during the first half of the year but from July to October the hybrid was dominant. Daphnia cucullata had only a relatively low peak abundance in September. In contrast to the two preceding years, D. galeata dominated for almost a year from Octoher 1990 to August 1991, although densities were low during the winter period (P. Spaak & J. R. Hoekstra, unpublished observations). In October 1991, the annual maximum of D. cucullata was observed again, after which the hybrid dominated the Daphnia assemblage.
A total of three alleles was detected at the Pgm locus for the three taxa. In the D. galeata population, the F allele was most common (63 per cent, Table 1 ). Pgm allele frequencies of the hybrid are comparable with those of D. galeata, although the S allele was detected at a slightly higher mean At the Pgi locus, a total of four alleles was found of which the S allele was not found in D. galeata. Daphnia galeata was almost fixed for the M allele (Table 1) Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Fig. 1 only in one month was another genotype found in higher frequencies: MMSF in January 1991 (Fig. 4a) . Figure 4 presents only those genotypes that had a frequency of 10 per cent or higher in at least one month of the study period. The number of different Pgi-Pgm genotypes found for D. cucullata was so high that only six genotypes fulfilled this criterion (Fig. 4c) . These genotypes represented between 50 and 60 per cent of the total population. The rest of the population consisted of a large number of 'rare' genotypes. The pattern for the hybrid was intermediate to the parental species (Fig. 4b) Fig. 1) , MFMF was the dominant hybrid genotype.
Although the pattern is striking, the overall densities of the hybrid were low during that period (i.e. only the May sample had more than 20 individuals).
Genetic distances
The UPGMA cluster analysis of Nei's genetic distances grouped the monthly pooled samples into two separate groups, which represented the parental species (Fig. 5) . Although the hybrid did not form one separate group they clustered closer to D.
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Discussion
Genetic variation
The three Daphnia taxa in Lake Tjeukemeer showed high genetic variability. A total of 100 three-locus (Got-Pgi-Pgm) genotypes was found, 26 in D.
galeata, 42 in D. cucullata and 32 in the hybrid. Such a high level of genetic variation has also been reported for other populations of the D. longispina group (Mort & Wolf, 1985; Weider & Stich, 1992; MUller & Seitz 1993) . In the Tjeukemeer, D. cucullata had the highest diversity during all three years.
The hybrids were intermediate to the parental species in their clonal diversity. The three groups differed in their diversity levels especially during 1989 and the first part of 1990 (Fig. 3) . During the last year of the study period, clonal diversity values were converging and showed no differences any more in 1992. In contrast, Weider & Stich (1992) , who studied D. galeata, D. hyalina and their interspecific hybrid in the Bodensee, found the lowest number of genotypes for the hybrid (they reportedand males were found during all three years: sexual D. galeata females were found in May-June, whereas sexual D. cucullata females were observed in October-November. In 1989, ephippial hybrids were found in spring, but in 1990 and 1991, they were found in autumn (Spaak, 1995) . It seems that in most years temporal mating barriers exist between D. galeata and D. cucullata. Only in spring 1989 were the sexual forms of both species observed together. These observations show that hybridization events are still possible, but they probably occur at very low frequencies. They also show that the possibility of producing backcrosses is much larger compared to the production of F1 hybrids. An infrequent production of F1 hybrids is also supported by data from Wolf & Carvalho (1989) , who studied the hatching of ephippia from the D. longispina species group in situ. galeata, and 0.71 between these two taxa and D.
cucullata. However, Nei's genetic distance between conspecific taxa are ordinarily less than 0.10 and rarely exceed 0.20 (Ayala, 1983 Why the hybrids are crossing back to D. galeata and not to D. cucullata is difficult to understand from the ecological data available. Sexual hybrid females and males co-occur both with sexual D. galeata and D. cucullata (Spaak, 1995) which would make backcrossing with both parental species possible. And although life histories of the hybrid have more in common with D. galeata (Spaak & Hoekstra, 1995) a larger niche overlap between the hybrid and D. cucullata was observed by Boersma (1995) . Possible reasons for the strong backcrossing towards D. galeata could be postmating barriers between the hybrid and D. cucullata. Another possibility could be differences in viability of resting eggs so that backcrosses with D. cucullata do not hatch as well as backcrosses with D. galeata. In the D. longispina group earlier evidence was found for unidirectional hybridization (Schwenk, 1993) , whereas a mtDNA study showed that for D. galeata x cucullata hybrids in the Tjeukemeer, D. cucullata is the maternal species in most cases (Schwenk, pers. comm.) .
The processes which lead to these unbalanced mating patterns need further study.
In this study only one species-specific marker was available. Therefore individual F1 hybrids could not be distinguished from backcrosses within the hybrid group. Comparison of allele frequencies of different samples shows that F1 hybrids are probably rare. However this observation says nothing about the individual animals in these samples. A low percentage of real F1 hybrids in a sample is not expected to change overall allele or genotype frequencies and would therefore remain undetected.
In conclusion, the hypothesis of contemporary sexual production of hybrids could not be rejected. Allele frequencies of the hybrid and a close clustering of the hybrid to D. galeata suggest that if these hybridization events occur they must be rare.
Furthermore, it seems from the phenology of both parental species (Spaak, 1995) that both parental species are reproductively isolated during most years. The high level of genetic variability within the hybrid population can be explained by either sexual recombination among hybrids or gene exchange with the parental species, or both. The strong genetic similarity between the hybrid and the D. galeata populations can have important consequences for the life histories of these hybrid taxa. Because Spaak & Hoekstra (1995) showed that these hybrids have fitness values more comparable to D. galeata, it is GENETIC STRUCTURE OF A DAPHN/A SPECIES COMPLEX 547 clear that the genetic composition and life histories of hybrid Daphnia swarms need further study.
However more species-specific markers are needed to classify individual hybrids as F1s or backcrosses.
